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Relationships of electrical properties and melting threshold in laser-annealed 
ion-implanted silicon 
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(Received 30 November 1978; accepted for publication 29 May 1979) 
This paper describes a study comparing the results of the electrical measurements and the 
regrowth behavior of ion-implanted silicon annealed with an 80-ns (FWHM) laser pulse at 1.06 
fLm. Certain correlations were established among the threshold energy density required for 
melting, the dopant distributions, and the diode junction depth and leakage. It is demonstrated 
that in order to obtain low-leakage diodes, the annealing energy density, which depends upon the 
implant conditions, far exceeds the melting energy density as determined from the transient 
optical-reflectivity change. 
PACS numbers: 61. 70.Tm, 79.20.Ds, 73.40.Lq 
The use of high-power pulsed laser irradiation has been 
demonstrated to anneal ion-implantation damage in semi-
conductors. 1 High substitutional solubility, no higher-order 
defects, substrate orientation independence,2 and clean pro-
cessing are among a few potential advantages of using pulsed 
laser annealing via liquid-phase-epitaxial regrowth. A recent 
study by Auston, et al. l using time-resolved optical reflectiv-
ity has provided evidence for this regrowth mechanism. Re-
cently, using a different measurement technique, we have 
measured the melting threshold energy density required for 
ion-implanted silicon with an 80-ns (FWHM) pulse of var-
ious intensities at 1.06 J.lm and have established that this 
threshold energy density is a constant for a given sample 
condition.' Previously, recrystallization by liquid-phase re-
growth has been studied using Rutherford backscattering 
(RBS) and transmission electron microscopy (TEM). I Rela-
tionships are not well known, however, among the annealing 
energy and the electrical properties of laser-annealed 
diodes.' 
This paper discusses a study which correlates the fol-
lowing results: (1) the melting threshold energy density for 
7' As-implanted samples (8 X 101' cm-2 at 90 ke V), deter-
mined by measuring the transient optical reflectivity, (2) 
characteristics of the reverse-leakage current density for di-
odes annealed at an energy density below, near, and above 
the melting threshold established by the optical measure-
ment, and (3) the corresponding dopant distributions for 
various annealing energies using RBS. It is shown that the 
annealing energy density required for obtaining a low-re-
verse-leakage diode is far above the threshold value for melt-
ing as measured by the change of the optical reflectivity. 
Thus, in order to obtain a low-leakage diode, the depth of 
melting must exceed the extended tail of the defect distribu-
tion, which is much deeper than the calculated value. 
The silicon wafers used were commercially polished 
dislocation free Czochralski (CZ) and floating zone (FZ) ma-
terials. The doping density was 2 X 101' B/cml. Ion implan-
tation was carried out at 90-170 ke V with fluences ranging 
from 1 X 101' to 1 X 10167' As+ cm-2 at 300 OK. The wafers were 
tilted 7° during implantation to avoid channeling along the 
major axes. The annealing laser was a Q-switched Nd : glass 
oscillator and amplifier (A = 1.06 J.lm). The oscillator was 
operated in TEMoo mode with a constant energy output and 
a constant pulse width of 80 ns (FWHM). By varying the 
amplifier gain, the laser-pulse energy density incident upon 
the sample could be adjusted over a range of 1-8 J cm-2• The 
average pulse intensity was 12.5-100 MW cm-2, defined as 
the total pulse energy density divided by the pulse width 
(FWHM). The samples were annealed at a nearly normal 
incidence. 
The annealing threshold was established using a tran-
sient optical-reflectivity measurement.' This was carried out 
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FIG. L The waveforms of the incident pulse shown in the lower trace, Ii' 
and the nth reflected pulse designated as I,(n) in t~e upper trace. The 1st 
reilected pulse is illustrated in solid line and the subsequent reflected pulses 
in dashed line. Annealing energy density for below (a), near (b), and above 
(c) the melting. 
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during annealing by simultaneously recording the wave-
forms of the incident and the reflected pulses. In Fig. l(a) the 
waveforms of the incident pulse Ii and the first reflected 
pulse Ir(1) were almost identical when the incident laser 
energy density was below a threshold. As the incident pulse 
energy density exceeded the threshold at about 2.6-2.8 
J cm-2, a marked difference in the pulse waveform was ob-
served between Ir (1) and Ii' and between 1r (l) and Ir (2), 
where Ir(n) denoted the nth reflected pulse from a fixed sur-
face area of a sample after being repetitively illuminated with 
n shots at a given pulse energy. 
The increase of the reflected amplitude of the first an-
nealing pulse was due to an enhancement of the reflectivity 
of the liquid silicon during the period of a laser pulse. After 
the first pulse, the reflected waveforms Ir(2), Il3), etc., of 
subsequent irradiation on the same spot remained the same 
and were similar to the incident pulse waveform Ii. This 
indicates that the melted and recrystallized region has a low-
er absorption coefficient at 1.06}-lm than that of the amor-
phous layer. The subsequent pulses at the same en~rgy densi-
ty did not melt the layer previously recrystallized. From the 
measurement an incident threshold energy density of about 
2.7 J cm-2 was obtained for the 7sAs+-implanted silicon with 
an 80-ns pulse at 1.06 }-lm. Figure I (b) shows the pulse 
shapes near the threshold of melting, and Fig. l(c) shows 
those at a higher energy density than the threshold. The. 
threshold energy density depends upon the implant dose and 
laser parameters. 
In the following experiments, the threshold energy den-
sity was first established and then each sample was subse-
quently annealed under three different incident energy den-
sities corresponding to below, near, and above the threshold 
value. These samples were further investigated using mis-
aligned and < 110) channeling RBS. In Fig. 2, the data on the 
left-hand side show the results for an as-implanted (- - -), a 
partially annealed (0 for 2.3 J cm-2), and two completely an-
nealed samples (l::, for 2.7 and 0 for 3.2 J cm-2, respectively. 
The amorphous layer of the unannealed sample was about 
1540 A thick. The layer disappeared after annealing at an 
energy density above the threshold (> 2.7 J cm-2). The 
backscattering yield ofthe arsenic peak along <110) for the 
unannealed sample and for the samples annealed at the three 
different laser energy densities described above are shown on 
the right-hand side of Fig. 2. It is noted that at an annealing 
energy density of2.3 J cm-2, arsenic redistributed only 
slightly near the surface and the interstitial fraction de-
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FIG. 2. Backscattering yields along <110) for as-implanted samples (- --) 
and for samples annealed with an energy density at 2.3 J em-' (0). 2.7 J cm-' 
(.<:1 ). and 3.2 J cm-' (0). 
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FIG. 3. Diode leakage current density in the location of the annealed area. 
The three sets of data are for three annealing energy densities given in Fig. 2. 
The area of the mesa diodes is 1.14 X 10-1 cm' and the leakage current was 
measured at 5 V reverse bias. 
creased significantly. The peak near the surface was the sur-
face blocking peak similar to the one observed in the silicon 
data shown on the left.6 Annealing at a higher energy densi-
ty, the interstitial fraction decreased further; the surface 
blocking peak became more visible, and arsenic diffused 
deeply into the substrate. For annealing at an energy density 
greater than 2.7 J cm-2, the backscattering yield was within 
the theoretical limit of the single-alignment channeling tech-
nique (2-3% of the amorphous target yield) and conse-
quently no significant difference in the yield could be 
detected. 
The distribution of total As (interstitials and substitu-
tionals) in the silicon was obtained from misaligned RBS 
data. The arsenic redistribution depths of about 3510 and 
620 A were calculated for annealing at the above and the 
below threshold values, respectively. From the diffusion co-
efficient of As in solid and liquid silicon,3.s-lo the arsenic re-
distribution is possible only through liquid-phase diffusion. 
This is in agreement with the threshold energy density pre-
viously determined from the transient optical-reflectivity 
measurement. The melting depth can be elucidated from the 
As redistribution data, given a liquid diffusion constant of 
10-4 cm-2 s 10 and a melting time on the order of 10-7 S.3 
In order to characterize residual defects in the space-
charge region, II reverse-leakage current densities of mesa di-
odes fabricated from the laser-annealed samples were ob-
tained. Figure 3 shows the diode reverse current densities 
plotted across the irradiated areas annealed at three different 
laser energy densities, 2.3, 2.7, and 3.2 J cm-2, respectively. It 
is shown that as the laser energy density increased, a lower 
residual defect concentration was obtained. The spatial dis-
tribution of the leakage current density was approximately 
Gaussian with some fine structures due to non uniformity of 
the laser beam profile. Though as discussed previously, there 
was little difference in the silicon RBS data for the samples 
annealed at 2.7 and 3.2 J cm-2, the diode leakage current 
density was two orders of magnitude lower for the diode 
annealed at the higher energy density. This leakage current 
density was lower than those of the samples fabricated using 
thermal annealing at 920 ·C in Ar for 20 min. For samples 
implanted at 170 ke V and annealed at the same energy densi-
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ty (3.2 J cm-2), additional experimental results show a 2-or-
ders-of-magnitude increase in reverse leakage than those of 
the 90-keV implant case, while the melting thresholds differ 
only slightly. The data suggest that the melting depth ob-
tained under the same annealing energy density was not suf-
ficiently deep for the 170-ke V -implant case. Thus the residu-
al defects near the tail of the damaged region result in an 
increase of the leakage. 
The standard deviation of the damage distribution, 
< X D)' can be determined from the melting depth required 
for obtaining a low defect concentration. If, for the 90-keV 
8 X 1015_75 As'/cm2 implant, we assume that the defects pro-
duced by a 90-keV As ion were about 1450 12 and that a 
melting depth of about 3500 A (as obtained from the As 
redistribution data) was required in order to reduce the de-
fect concentration to below a detectability of 1 X 1012 cm-3, 13 
a standard deviation of about 395 A was obtained. This value 
was considerably larger than both the theoretically calculat-
ed value and the value of 160 A as measured by Crowder and 
Title. 14 It suggests that the defect distribution has a long tail 
with a significant defect concentration extending to a depth 
greater than 3500 A. In fact, in a separate electron-beam-
induced current study, 15 a junction depth of about 8000 A 
was measured for the sufficiently annealed low-leakage di-
odes (with an energy density of 3.2 J cm-2). The presence of 
an exponential tail of the defect concentration to a depth 
greater than the theoretically calculated value has been pre-
viously shown to be due to the enhanced diffusionl6 and par-
tial channeling. 17 In order to obtain good electrical proper-
ties using laser annealing, the knowledge of the defect 
distribution near the tail is required and the depth of melting 
should be sufficiently deep. A transient capacitance tech-
niquelS has been used to investigate deep-level defects. Pre-
liminary data indicated that residual defects were similar to 
the results for unannealed low-fluence implanted cases. 
These results will be published elsewhere. 
In summary, the characteristics of epitaxial regrowth 
near melting were studied. For annealing at 1.06.um with an 
80-ns pulse, the melting energy density for 90 keY 75As'_ 
implanted silicon was determined to be 2.7 ± 0.2 J cm-2 in a 
transient optical-reflectivity measurement. However, an an-
nealing energy density of 3.2 J cm-2 was required for achiev-
ing a lower diode reverse current density and a lower defect 
concentration than those with thermal annealing at 920 ·C 
in argon for 20 min. This energy density was higher than the 
melting threshold obtained in the transient optical-reflectiv-
ity measurement and from the result of the RBS data. A 
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melting depth of greater than 3500 A was required for ob-
taining a lower diode leakage current density in the present 
study. 
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